The Fermi-LAT collaboration ABSTRACT A preliminary version of the fourth catalog (4LAC) of active galactic nuclei (AGNs) detected by the Fermi-Large Area Telescope (LAT) is presented. It is based on the fourth Fermi-LAT catalog (4FGL) of sources detected with a Test Statistic (T S) greater than 25 between 50 MeV and 1 TeV using the first 8 years of gamma-ray data. The 4LAC catalog includes 2863 AGNs located at high Galactic latitudes (|b| > 10 • ), a 80% increase over the previous 3LAC catalog established with 4 years of data. AGNs represent at least 79% of the high-latitude 4FGL sources. In addition, we report the detection of 345 AGNs located at low galactic latitudes. A fraction of 98% of the detected AGNs are blazars. These blazars are classified following a two-fold approach i) according to the strength of their optical lines as Flat Spectrum Radio Quasars, FSRQs, BL Lac-type objects, BL Lacs, or blazar candidates of unknown types, BCUs and ii) according to the position of their synchrotron peak, using archival data as low-, intermediate-or high-synchrotron peaked objects, LSPs, ISPS and HSPs respectively. The properties of these sources, in terms of spectral features, redshifts and variability, are briefly discussed.
Introduction
Thanks to its unique capabilities, the Fermi-Large Area Telescope (LAT) has unveiled many new aspects of the gamma-ray sky. The latest source catalog (4FGL, The Fermi-LAT collaboration 2019) based on the first 8 years of data includes 5065 sources detected with a Test Statistic greater than 25. At high galactic latitudes, active galactic nuclei (AGNs) represent by far the dominant class of sources. Over 98% of these AGNs are of the blazar type, with a relativistic jet closely aligned with the line of sight. We present here the fourth catalog of |b| > 10 • AGNs detected by the LAT (4LAC), derived from the 4FGL catalog. In addition to the improvements of the 4FGL analysis relative to 3FGL, the 4LAC has benefited from updated counterpart catalogs for the associations methods with a recalibration of the association procedure. Gamma-ray AGN catalogs constitute unique resources to study the blazar phenomenon. Recent applications are population studies probing the BL Lac-FSRQ dichotomy (Ghisellini et al. 2017; Nalewajko & Gupta 2017; Christie et al. 2019) , references for works on individual sources, investigating the connections between gamma-ray loudness and brightness/polarization at other observational bands (Angelakis et al. 2016; Lico et al. 2017; Massaro et al. 2017; Fan & Wu 2018; Zargaryan et al. 2018) or the timing correlations between the activity in the gamma-ray bands and other bands (Fuhrmann et al. 2016; Itoh et al. 2016) , and testing the possible link between gamma-ray AGNs and the sources of ultra high-energy cosmic rays (Kagaya et al. 2017) or high-energy neutrinos (Padovani et al. 2016; Aartsen et al. 2017) . The catalogs also provide a sample to probe the Extragalactic Background Light (Abdollahi et al. 2018) and the Intergalactic Magnetic Field (Broderick et al. 2018) and to assess the contribution of AGNs to the extragalactic diffuse gamma-ray background (Fornasa et al. 2016; Di Mauro et al. 2018 ).
The document is organized as follows. Section 2 briefly describes the observations by the LAT and the analysis employed to produce the eight-year catalog. Section 3 presents the methods for associating gamma-ray sources with AGN counterparts and the different schemes for classifying 4LAC AGNs. Section 4 describes the contents of the 4LAC fits table and gives the statistics of the 4LAC blazar and non-blazar populations. It also includes a brief presentation of low-latitude (|b| < 10 • ) AGNs, which do not belong to 4LAC. Section 5 summarizes some of the basic properties of the 4LAC sources and discusses the overlap with the AGNs detected at very high energies (VHE) by the Cherenkov telescopes.
Observations with the Large Area Telescope -Analysis Procedures
The gamma-ray analysis was performed in the context of the 4FGL catalog, so here we only briefly summarize and refer the reader to the companion document describing the 4FGL catalog for details (The Fermi-LAT collaboration 2019) . The data were collected over the first 8 years of the mission from 2008 August 4 to 2016 August 2. The reprocessed P8R3 SOURCE V2 event class (The Fermi-LAT collaboration 2019) was used, with photon energies between 50 MeV and 1 TeV, broadening the energy interval with respect to 3FGL (100 MeV and 300 GeV, respectively). This event class shows 20% more acceptance than the P7REP class used in 3FGL and a narrower point-spread function (PSF) at high energies. Both aspects are very useful to source detection and localization and hence to counterpart association. More details are available in Table 2 of the 4FGL paper. Different spectral models (power-law, logparabola, power-law with super-exponential cutoff) were tested and the results are systematically reported in 4FGL, irrespective of the favored model. Variability is assessed via yearly light curves. The variability index (VI) derived from these light curves is distributed as a chi-square with 7 degrees of freedom for non-variable sources. A source is thus variable at the 99% confidence level if VI>18.47.
Source association and classification
The main motivation of 4LAC is to identify candidate counterparts to 4FGL gamma-ray sources based on positional association with objects that display AGN-type spectral characteristics in the radio, optical or X-ray bands. We recall that in the context of AGNs, identification is only firmly established when correlated variability with a counterpart detected at lower-energy has been reported. So far, only 77 AGNs have met this condition (see Table 7 of 4FGL document). For the other sources, we use statistical approaches for finding associations between LAT sources and AGNs. The two approaches used here, the Bayesian method and the likelihood-ratio method, have been extensively described in previous catalogs (Abdo et al. 2010a; Ackermann et al. 2011b Ackermann et al. , 2015 and are only briefly summarized below.
Source Association

The Bayesian Association Method
The Bayesian method, implemented with the gtsrcid tool 1 , was developed in the Fermi-LAT context (Abdo et al. 2010a ) following the prescription devised by Mattox et al. (1997) for EGRET. It relies on the fact that the angular distance between a LAT source and a candidate counterpart is driven by i) the position uncertainty in the case of a real association and ii) the counterpart density in the case of a false (random) association. In addition to the angular-distance probability density functions for real and false associations, the posterior probability depends on a prior. This prior is calibrated via Monte Carlo simulations so that the number of false associations, N false is equal to the sum of the association-probability complements. For a given counterpart catalog, the so-obtained prior is found to be close to N assoc /N tot , where N assoc is the number of associations from this catalog and N tot is the number of catalog sources. A uniform threshold of 0.8 is applied to the posterior probability for the association to be retained. The reliability of the Bayesian associations is assessed by verifying that the distribution of the angular offset between the γ-ray source and the counterpart matches well the expected one in the case of a true association, i.e., a Rayleigh function with its width parameter given by the sources positional uncertainties. The list of counterpart catalogs is reported in Table 6 of the 4FGL document (The Fermi-LAT collaboration 2019).
The Likelihood-Ratio Association Method
The Likelihood Ratio method (LR) has frequently been used to assess identification probabilities for radio, infrared, and optical sources (e.g. , Cash 1979; de Ruiter et al. 1977; Prestage & Peacock 1983; Sutherland & Saunders 1992; Lonsdale et al. 1998; Masci et al. 2001; Ackermann et al. 2011b) . It is based on uniform surveys in the radio and in X-ray bands, enabling us to search for possible counterparts among the faint radio and X-ray sources. The LR makes use of counterpart densities (assumed spatially constant over the survey region) through the log N − log S relation and therefore the source flux.
We made use of a number of relatively uniform radio surveys. Almost all radio AGN candidates of possible interest are in the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) or the Sydney University Molonglo Sky Survey (SUMSS; Mauch et al. 2003) . We added also the Australia Telescope 20GHz radio source catalog (Murphy et al. 2010) , which contains 5890 sources observed at declination δ <0. In this way we are able to look for counterparts at higher frequency in the radio band. To search for additional possible counterparts we cross-correlated the LAT sources with the most sensitive all-sky X-ray survey, the ROSAT All Sky Survey Bright and Faint Source Catalogs (Voges et al. 1999 (Voges et al. , 2000 . In this work we add also the second RASS catalog (Boller et al. 2016 ) to try to improve the association method, specially for the X-ray sources in the Fermi error region without any other low frequency counterparts. The method computing the probability that a candidate is the 'true' counterpart is described in detail in paragraph 3.2 of the 3LAC paper (Ackermann et al. 2015) . One important change in the method is the definition of the σ parameter for the position of the gamma-ray source. In earlier catalogs, the 68% error radius was used. Here we use a Rayleigh σ defined as:
Another important modification concerns the definition of the reliability parameter with respect to the previous LAC papers:
where N real (LR ij ) corresponds to the data and N random (LR ij ) is obtained from Monte-Carlo simulations using uncorrelated catalogs. A source is considered as a high-confidence counterpart of a given gamma-ray source if its reliability is >0.8 in at least one survey.
Association Results
The adopted threshold for the association probability is 0.80 in either method. This value represents a compromise between association efficiency and purity. The fraction of sources associated by both methods is 73% (2081/2863), 685 and 97 sources being solely associated with the Bayesian and LR methods respectively. The overall false-positive rate is 1.5%. The estimated number of false positives among the 1347 sources not previously detected in 3FGL and previous LAT catalogs is 9. As in previous LAC catalog versions, we define a Clean Sample as 4LAC non-flagged association sources. Table 2 compares the performance of the two methods in terms of total number of associations, estimated number of false associations N false , calculated as N false = i (1 − P i ), where P i is the association probability for the ith source, and number of sources associated solely via a given method, N S , for the full and Clean samples.
Source Classification
To define the criteria that a counterpart source must fulfill to be considered as an AGN, the ingredients are primarily the optical spectrum and to a lesser extent other characteristics such as radio loudness, flat/steep radio spectrum between 1.4 GHz and 5 GHz, broadband emission, core compactness or radio extended emission, variability, and polarization. If available, the earlier classification reported in the literature has been checked.
Optical Classification
To optically classify a source we made use of different resources, in decreasing order of precedence: optical spectra from intensive follow-up programs, optical classification published in the BZ-CAT list (which is a compilation of sources ever classified as blazars, Massaro et al. 2015) , spectra available in the literature or from online database, e.g., SDSS (Ahn et al. 2012; Massaro et al. 2014) , 6dF (Jones et al. 2009 ), when more recent than the latest version of BZCAT (Massaro et al. 2015) . The latter information was used only if we found a published spectrum. The relevant references will be reported in the electronic table of the final catalog. Recently, a huge quantity of data from follow-up programs has become available (Shaw et al. 2013a,b; Álvarez Crespo et al. 2016a,c,b; Landoni et al. 2018 Landoni et al. , 2015 Marchesi et al. 2018; Marchesini et al. 2019; Massaro et al. 2015b Massaro et al. ,c,a, 2014 Paggi et al. 2014; Paiano et al. 2019 Paiano et al. , 2017a Peña-Herazo et al. 2017; Ricci et al. 2015) , helping in assessing the classification of the objects. This is especially valuable for blazar candidates of previous LAC catalogs that had never been observed so far. Note that we did not use the blazar classes from the Simbad database 2 since some of them correspond to predictions based on the WISE-strip approach ) and were not obtained from spectral observations. The resulting classes are as follows:
• confirmed classifications:
flat-spectrum radio quasar (FSRQ), BL Lac-type object (BL Lac), radio galaxy, steepspectrum radio quasar (SSRQ), compact steep spectrum radio source (CSS), Seyfert galaxy and Narrow-Line Seyfert 1 galaxy (NLSy1) -these are sources with a well-established classification in the literature and/or through a well evaluated optical spectrum (with clear evidence for or lack of emission lines).
• tentative classifications: blazar candidates of uncertain type (BCU): these are considered candidate blazars because the association methods (see Sections 3.1.1 and 3.1.2) select a candidate counterpart that satisfies at least one of the following conditions: a) a BZU object (blazars of uncertain/transitional type) in the BZCAT list; b) a source with multiwavelength data in one or more of the WISE, AT20G, VCS, CRATES, PMN-CA, CRATES-Gaps, or CLASS lists, that indicates a flat radio spectrum, and shows a typical two-humped, blazar-like spectral energy distribution (SED); c) a source included in radio and X-ray catalogs not listed above and for which we found a typical two-humped, blazar-like SED (see Böttcher 2007) .
AGN -for these candidate counterparts the existing data do not allow an unambiguous determination of the AGN type. Their SED fits with a radio-loud compact core object but the literature information is either incomplete or conflicting, depending on which epoch, wavelength, or linear scale is considered.
Because the surveys include a large number of Galactic sources at low Galactic latitudes, the 4FGL class of |b| < 10 • sources associated solely via the LR-method has been set to the "unknown" class as opposed to the "BCU" class used by default for sources at larger latitudes. These sources are thus not considered here.
Classification based on the broadband spectral energy distribution
Blazars and more generally radio-loud AGNs can also be classified according to the synchrotron peak photon frequency ν S peak , of their broadband SED. The SED fitting was performed through the SED data archive and SED(t)-Builder interactive web-tool (allowing time-resolved data search) available at the ASI Space Science Data Center (SSDC) 3 . Two different approaches were followed to allow a cross-check. The first, cruder and earlier, parametric procedure from Ackermann et al. (2011b) ; Abdo et al. (2010c) is based on the broadband spectral indices α ro (between 5 GHz and 5000Å) and α ox (between 5000Å and 1 keV). The list of survey and catalogs providing the broadband flux density data are given in Abdo et al. (2010c) . The second method consists of a third-degree polynomial fit of the synchrotron, low-energy hump of the SED in log-log linearized plane. This fit is carried out manually on a source-by-source basis using all the available data archived at SSDC for the considered blazar/AGN source or candidate. Details can be found in Appendix A.
This data-driven procedure was already adopted for the previous 3LAC release. This methodology allows more objects to be assigned an observer-frame synchrotron peak ν S peak frequency and other synchrotron-hump parameters, since a measured X-ray flux is not required if the curvature is sufficiently pronounced in the IR-optical band. There are potential caveats related to possible human errors, the use of non-simultaneous broadband synchrotron data, and potential misestimation of the thermal-emission relics of the accretion disk and big blue bump, especially for potential HSP FSRQs. While significant contamination from thermal radiation may result in overestimation of the ν S peak values of FSRQs, the near-IR-optical contribution of the host galaxy may bias the peak estimate towards lower frequencies in BL Lacs. Comparing the results of the two procedures indicates that the more recent one leads to an average shift of +0.26 (rms: 0.49) and −0.05 (rms: 0.64) in log ν S peak relative to the previous one for FSRQs and BL Lacs respectively, which we take as systematic uncertainties.
The fitted value of ν S peak is used to classify the source as either a low-synchrotron-peaked blazar (LSP, for sources with ν S peak < 10 14 Hz), an intermediate-synchrotron-peaked blazar (ISP, for 10 14 Hz < ν S peak < 10 15 Hz), or a high-synchrotron-peaked blazar (HSP, if ν S peak > 10 15 Hz). To obtain the rest-frame values a correction by a (1 + z) factor is needed, where z is the redshift. We establish the classes using the observer-frame frequency since redshifts are not available for a large fraction of BL Lacs and BCUs, which is a customary practice. The other parameters (restricted to νF ν in the early release) of the polynomial fit can be useful for further numerical and theoretical studies of the SEDs, even if limited to the low-energy, synchrotron component of the SED.
4.
The Fourth LAT AGN Catalog (4LAC) Figure 1 displays the loci of the 4LAC sources in Galactic and J2000 coordinates. As already noted in previous LAC catalogs, it is clear from this figure that sources of different classes are not uniformly distributed over the sky. This anisotropy is ascertained in Figure 2 showing the galacticlatitude distributions for FSRQs, BL Lacs, BCUs and all sources. The anisotropy is most noticeable for BL Lacs, which are 44% more abundant in the northern Galactic hemisphere than in the southern one. BCUs show the opposite pattern and somewhat offset the overall anisotropy as seen in the total distribution of sources, which is close to being uniform. The observed anisotropies stem from the larger and better spectroscopic data available in the literature for the Earth's northern hemisphere relative to the southern one. The stronger effect observed for BL Lacs relative to FSRQs may reflect the fact that since BL Lacs are radio fainter than FSRQs (see Ackermann et al. 2011a) , they suffer larger losses from the lower sensitivities of the southern-sky radio surveys relative to the northern ones (essentially NVSS). Better spectroscopic data are required to assess the BL Lac nature of an object relative to a FSRQ, which may also play a role in explaining this difference.
The format of the 4LAC fits table is described in Table 3 . In addition to relevant parameters from the 4FGL fits table 4 , we report the optical and SED-based classes, redshifts, observer-frame synchrotron-peak frequencies, and νF ν at the synchrotron-peak frequencies. When available, we also provide the VLBI and Gaia counterparts as given in the Radio Fundamental Catalogs 5 based on a dedicated observing program (Schinzel et al. 2015 (Schinzel et al. , 2017 . The 4LAC fits file can be found at: ftp://www.cenbg.in2p3.fr/astropart/Fermi/4LAC/table_4LAC.fits 4.1. Census Table 4 summarizes the 4LAC statistics. The 4LAC includes 2863 sources, with 650 FSRQs, 1052 BL Lacs, 1092 BCUs, and 68 other AGNs. Some 1347 sources were not reported in the previous 3LAC catalog, but some of them may have been reported elsewhere, e.g., Arsioli & Chang (2017) ; Arsioli & Polenta (2018) . These new sources comprise 195 FSRQs, 276 BL Lacs, 836 BCUs, and 40 non-blazar AGNs. Out of these new sources, 404 are listed in BZCAT Massaro et al. (2015) . In total, the 4LAC includes 26% (490/1921), 59% (728/1225) and 33 % (74/227) of the BZCAT FSRQs, BL Lacs and BCUs respectively. Fractions of 90% of FSRQs and 80% of BL Lacs could be classified with the SED-based scheme. This fraction drops to 51% for BCUs. Although FSRQs almost exclusively belong to the LSP subclass, BL Lacs are fairly evenly distributed between the LSP, ISP and HSP subclasses. The 4LAC ν peak distribution, represented in Figure 3 , differs quite substantially from the 3LAC one, where HSPs were the most abundant subclass. Although the procedure for fitting the synchrotron peak has changed relative to 3LAC, the main effect driving this difference seems to be that an emerging population of faint LSP BL Lacs is being detected by the LAT. Flagged sources were eliminated from the Clean Sample, which counts 2649 sources, with 598 FSRQs, 1018 BL Lacs, 972 BCUs, and 61 other AGNs. The most frequent flags are flag 3 (large flux variation when changing diffuse emission model) and 2 (large position shift when changing diffuse emission model). The figures shown in the following only include Clean-Sample sources.
As a testimony to the large follow-up observational efforts already mentioned, 144 sources reported as BCUs in the 3LAC paper (either at high-or low-Galactic latitudes) are now classified as BL Lacs and 20 more as FSRQs. Four BCUs have been reclassified as radio galaxies (IC 1531, TXS 0149+710, PKS 1304-215, CGCG 050-083). Fifteen other sources have changed classes for various reasons. Table 5 lists the 76 non-blazar AGNs included in the 4FGL, 68 of which belonging to the 4LAC and 8 being part of the low-latitude sample. Non-blazar sources represent about 2% of the total number of AGNs in the 4FGL, a fraction that is basically identical to that found in the 3LAC. Non-blazar sources are further separated into six different classes: 42 radio galaxies, 9 NLSy1, 5 CSS, 2 SSRQ, 1 Seyfert galaxy and 18 other AGNs.
Non-blazar AGNs and misaligned AGNs
A total of 37 new non-blazar AGNs are reported in the 4LAC, 20 of them are radio galaxies. The median 1.4 GHz radio luminosity of the newly detected radio galaxies is about 10 24.4 W Hz −1 , with the distribution ranging over more than 4 magnitudes (from below 10 22 W Hz −1 , for NGC 2892, to above 10 26 W Hz −1 , for PKS 232402). 3C 120 is a FR I radio galaxy for which the first detection in γ rays has been reported by Abdo et al. (2010b) using 15 months of LAT data, but it is reported in a LAT catalog for the first time. This can be due to periods of flaring activity interspersed with long periods of low activity (Tanaka et al. 2015) . TXS 1303+114 and TXS 1516+064 are members of the FRICAT (Capetti, A. et al. 2017 ), although they were earlier proposed as candidate lowpower BL Lacs in Capetti & Raiteri (2015) based on their mid-infrared and optical emission. The only new SSRQ is 3C 212, for which X-ray emission associated with both lobes were detected by Chandra (Aldcroft et al. 2003) . Three new CSSs are reported in the 4LAC: 3C 138, 3C 216, and 3C 309.1. These three new CSSs are hosted in quasars. At pc-scale the sources show a corejet structure with detection of superluminal motion, indicating Doppler effects and small viewing angles (Paragi et al. 2000; Shen et al. 2001; Lister et al. 2019 ).
While the above CSSs all have very high radio luminosity, at the opposite end of the radio luminosity distribution we point out two other new sources, NGC 3894 and NGC 6328. Based on the small extent of their radio emission, two-sided parsec scale morphology (Taylor et al. 1998; Tingay & de Kool 2003) , and low radio luminosity, these sources are excellent candidates for being young radio galaxies (see also Migliori et al. 2016 ).
Among the sources already present in previous LAT catalogues, Fornax A stands out because it is for the first time detected as an extended source (see Ackermann et al. 2016b ). Four 3FGL sources have changed classes from BCU to radio galaxies (IC 1531, TXS 0149+710, PKS 1304-215, and CGCG 050-83). Among other AGNs, there are at least two rather remarkable cases. One is PKS 0521-36, previously classified as BCU in the 3LAC, which shows a knotty structure similar to misaligned AGN. Based on the broad emission lines in the optical and ultraviolet bands and the steep radio spectrum a possible classification as an intermediate object between broad-line radio galaxies and SSRQ has been suggested in D' Ammando et al. (2015b) . The new source PKS 2331-240 was the subject of a MWL work revealing features of a giant radio galaxy restarted as a blazar (Hernández-García et al. 2017 ).
Finally, 10 non-blazar AGNs reported in the 3LAC are not confirmed in the 4LAC. Five of them had a double association in the 3LAC and are now firmly associated with the other counterpart, three have changed class from radio galaxy to BL Lac (3C 221 and 3C 275.1) or BCU (GB 1310+487), while two 3FGL sources are missing in 4FGL (TXS 0348+013, PKS 1617-251).
Low-Latitude AGNs
In addition to high-latitude (|b| > 10 • ) 4LAC sources, we present a low-latitude sample, which is less complete than the 4LAC. This is because the LAT detection flux limit is higher in this region (by factors of a few) and the counterpart catalogs suffer from Galactic extinction. Because a large contamination of Galactic sources present in the radio or X-ray surveys used in the LR method, the classes of the resulting associations are highly uncertain. Consequently, these associations were not considered here. The fits table for the low-latitude sample can be found at: ftp://www.cenbg.in2p3.fr/astropart/Fermi/4LAC/table_lowlat_sample.fits
The census of the low-latitude sample is given in the last column of Table 4 . The fraction of BCUs (62%) is overwhelming, as expected from the observational hindrance mentioned above.
Properties of the 4LAC Sources
Spectral properties
Although many sources show significant spectral curvature, the power-law photon index, Γ, represents a convenient way to compare the spectral hardness of different sources across various classes and flux values. Figure 4 displays the photon index distributions for the different optical blazar classes, for 4LAC sources already present in 3LAC and the new ones. Interestingly, newly detected FSRQs (i.e., not reported in previous LAC catalogs) have somewhat softer spectra (difference in median Γ ≃0.08) than the previously reported ones, indicating the emergence of sources with SED peaking at lower energy. The difference between the FSRQ and BL Lac distributions is striking. The Γ medians and widths are 2.46±0.21 and 2.02±0.21 for FSRQs and BL Lacs respectively. The relative separation in gamma-ray spectral hardness between FSRQs and BL Lacs already reported in previous LAC catalogs is confirmed: 93% of FSRQs and 81% of BL Lacs have Γ greater and lower than 2.2 respectively. This feature by itself carries significant discrimination power between the two classes. The photon index varies significantly between the BL Lac subclasses, with medians and widths in Γ of 2.17±0.17, 2.02±0.17, 1.90±0.17 for LSPs, ISPs, and HSPs respectively. Figure 5 displays the photon index as a function of the synchrotron peak frequency. The BCU index distribution straddles that of the two classes and extends to Γ=3.
Although a power-law photon index represents a convenient way to compare the spectral hardness of different sources, many FSRQs and BL Lacs show significant spectral curvature. The significance of spectral curvature is assessed via the T S curve parameter (The Fermi-LAT collaboration 2019), distributed as a chi-square function with 6 d.o.f. for non-curved spectra. Figure 6 demonstrates that essentially all bright blazars have curved spectra in the LAT energy range by comparing the TS distributions of sources with significantly curved spectra to those of the whole sample of FSRQs and BL Lacs. It is likely that fainter blazars have curved spectra as well, but the current data do not allow their curvature to be established with high confidence.
Redshifts
A fraction of 36% of BL Lacs are lacking measured redshifts (we have tried hard to keep only spectroscopic redshifts). This definite improvement relative to 3LAC (fraction of 50%) has been primarily achieved thanks to follow-up observations of 3LAC blazars (see Section 3.3.1 for references). The fraction is roughly the same for the three BL Lac subclasses (39%, 39% and 29% for LSPs, ISPs, and HSPs, respectively). The redshift distributions are displayed in Figure  7 for FSRQs and BL Lacs. For the sake of comparison, we separately plotted the distributions for previously-and newly-reported sources. The redshifts of the 3LAC and newly detected blazars are similar with means and widths of 1.22±0.61 and 1.18±0.70 respectively for FSRQs, 0.31±0.40 and 0.24±0.36 respectively for BL Lacs. The average redshift decreases between BL Lac LSPs and HSPs (from 0.58 to 0.32). While the maximum redshift for a FSRQ was 3.1 in earlier LAC catalogs, three 4LAC sources, all listed in BZCAT, have higher redshifts: GB 1508+5714 (z=4.31), PKS 1351-018 (z=3.72), and PKS 0335-122 (z=3.44). GB 1508+5714 is not present in the Clean Sample due to an analysis flag.
The spectral photon index is plotted versus redshift in Figure 8 . As seen from this Figure, the average FSRQ photon index for different bins in redshift increases with redshift, a trend not previously seen in earlier LAC catalogs. It is most likely due to the curvature of the falling end of the SED high-energy hump, undergoing a redward shift in the LAT band with increasing redshift. It has been verified that assuming that all FSRQs share the same level of curvature as that detected for the brightest ones, the above effect can quantitatively account for the observed trend. A similar, yet stronger trend (photon index increasing with redshift) was seen in the FHL catalogs, covering an energy range with a lower energy bound of 10 GeV (1FHL and 3FHL, Ackermann et al. 2013; Ajello et al. 2017, respectively) or 50 GeV (2FHL Ackermann et al. 2016a), but was there ascribed to the absorption effect of the Extragalactic Background Light as shown by Domínguez & Ajello (2015) . In the 4FGL/4LAC energy range, the FSRQ photon index is mostly governed by low-energy photons, which are not affected by the EBL. We also note that FSRQs represent a much smaller fraction of blazars in the high-energy catalogs than in the 4LAC. Figure 9 displays the photon index versus the gamma-ray luminosity for the different blazar classes. The trend of softer spectra with higher luminosity observed in earlier catalogs is confirmed. We reiterate the word of caution expressed in 3LAC: this trend is only significant when considering the whole sample of 4LAC blazars. It is not significant when considering the different blazar classes/subclasses individually. Figure 10 shows the corresponding plot for the non-blazar sources. Radio galaxies show a large scatter in photon index, while sources of the other classes have fairly soft spectra akin to those of FSRQs.
Variability
Variability, which is a key property of blazars, is known to depend on the considered energy band. This feature can be naturally explained as emitting electrons (assuming a leptonic scenario) of different energies and thus different acceleration/cooling times contribute preferentially to the distinct bands. In addition to intrinsic variablity, the 4FGL variability index is also strongly dependent on the overall significance of the source detection. Using yearly light curves instead of montly light curves as done in previous LAT catalogs enables the variability of fainter sources to be established. We recall that source is defined as variable if its variability index is greater than 18.5. Figure 11 displays the TS distributions of variable sources compared to that of the whole set. All bright blazars are found to be variable, while faint ones are not due to the effect outlined above. The fraction of variable sources goes down from 79% (472/598) for FSRQs to 35% for BL Lacs (360/1018). A monotonic trend is observed for the BL Lac subclasses, with fractions of 48% (142/296), 35% (96/274) and 33% (85/256) for LSPs, ISPs, and HSPs respectively. This fraction is only 24% (234/972) for BCUs. The median fractional variability amplitude is 0.63 for FSRQs and 0.27 for BL Lacs.
Among the radio galaxies, IC 310, NGC 1275, 3C 120, NCG 1218, 3C 111, NGC 2892, IC 4516 and GCG 050-083 are found to be variable. All NLSy1 show significant variability except for IERS B1303+515, B3 1441+476, TXS 2116-077. Three out of five CSS sources are variable (3C 138 , 3C 309.1, 3C 380) as well as is one ssrq (3C 207). The seven variable sources of the agn class are: PMN J1118-0413, PKS 1128-047, PMN J1310-5552, UGC 11041, and 7C 1822+6816. Table 6 shows the list of 78 AGNs detected by ground-based Cherenkov telescopes, as listed in TeVCat 6 , present in 4LAC, along with their optical and SED-based classes, redshifts and 4LAC photon index. The 3LAC catalog included 55 of the 56 VHE AGNs with dections published or announced at that time. Only HESS J1943+213 was missing. At the time of this writing, all of the 78 TeVCat AGNs have now 4LAC counterparts. The overall mean and width 4LAC photon index for VHE AGNs is 1.91±0.20. For the most numerous subclass, that of the BL Lac HSPs, one finds 1.81±0.08, i.e., reflecting a very hard spectrum.
VHE AGNS
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A. Appendix: Fitting of spectral-energy distributions
The SED fitting routine for this catalog sources was distributed to 31 LAT Collaboration scientists and students of the LAT AGN Science Group plus a few external collaborators. A final revision of the resulting fits will be performed before the final 4LAC is released. The fitting was performed three times on different partial internal LAT source lists, not only for the new sources or associations but also for the published 3LAC sources to get a uniform set of information. Inspection of the error ellipse and the position of the counterpart was first performed using the Sky Data Explorer at SSDC. The synchrotron SED was then fitted manually using the SED-builder tool, adapted for this activity. Some data had to be discarded to leave out contributions from the big blue bump and the host galaxy emission. Presentations and a video tutorial were prepared for the participating collaborators, and temporary web lists of sources were implemented for each fitting series.
This collaborative work may be seen as a, LAT-internal experiment of social/citizen science. In the next years it would be possible to involve external students, amateur astronomers and skilled citizens for routines works on large data sets. The rapid growth of internet networking, computing power, socialization drivers, data storage, and artificial intelligence, supports indeed that open-data exploration conducted by volunteer individuals, will have a substantial development in the next decades. Existing examples are the GalaxyZoo (https://www.zooniverse.org/projects/zookeeper/galaxyzoo/about/research) or Einstein@Home(https://einsteinathome.org) projects.
B. Appendix: historical notes and convention for extragalactic source association and nomenclature
An approximate chronological precedence scheme is adopted for the names of radio/IR/optical/Xray candidate extragalactic sources associated or identified with 4FGL/4LAC sources, as previously done for the 3LAC and 3FGL catalogs. This list of catalogs used in this work is given in Table B in approximate chronological order. We use their prefixes to refer to the catalogs in the following, the correspondence with the full names can be made via this table. The counterpart names are recognized by the "name resolver" in the NASA-IPAC Extragalactic Database (and therefore in HEASARC, SSDC, ISDC, VO, and other databases). The historical knowledge about the chronological appearance of an astronomical point source in a catalog can be retrieved from databases like NED, CDS Simbad and VizieR, and the SAO/NASA ADS.
Radio galaxies, quasars, blazars and other AGNs were first discovered as optical non-starlike nebular objects (i.e. galaxies) and presented in C. Messier's catalog in year 1791 or the NGC and IC catalogs published between years 1781 and 1905. This situation applies to radio galaxies like M 87, NGC 315, NGC 1275 (also known in the radio bands as Per A or 3C 84), or starburst galaxies like M 82, NGC 253, NGC 1068. Blazars like BL Lac, W Com, AP Lib and BW Tau (aka 3C 120) were discovered as optical variable stars, and follow Argelander's designation ("xy"+constellation In parallel the majority of AGNs and blazars were discovered with the birth of radio astronomy through the first radio-antennas and telescopes, as new point sources in the first surveys and published catalogs. Radio galaxies and AGNs like Vir A, Cen A, Cen B, Per A, already appeared in the first half of the 50s. The famous radio point-source catalogs 3C, CTA, PKS, 4C, O, VRO, NRAO, AO, DA, B2, GC, S1/S2/S3 catalogs were all published between years 1959 and 1974. Centaurus A (Cen A) was already known as NGC 5128, but the radio name is preferred here. Similarly Perseus A (Per A) was already known as NGC 1275, Virgo A (Vir A) as M 87, Cygnus A (Cyg A) was later found to be 3C 405. Taurus A (Tau A) i.e. the Crab was already known as M 1 but it got its familiar name in 1840 from W. Parsons drawing of the nebula reminiscent of a crab. Other subsequent radio catalogs published between 1974 and the mid 80s are the TXS, 5C, S4/S5, MRC, B3. After the mid 80s followed catalogs like MG1/MG2/MG4, 87GB, 6C/7C, JVAS, PMN, EF, CJ2, FIRST, Cul, GB6, FBQS, WN, NVSS, CLASS, IERS, SUMSS, CRATES.
Other catalogs at IR or UV frequencies are the KUV, EUVE, 2MASSi, and 2MASS. Further blazar objects, that are fainter in the radio/optical bands, were discovered directly thanks to the first X-ray observations by the first X-ray satellites (catalogs 2A, 4U, XRS, EXO, H/1H, MS, 1E, 1ES, 2E, RX all published from about 1978 to mid '90s). After the mid 90s, reanalyses and catalog constructions based mainly on the ROSAT survey and radio-X-ray source cross correlations led to the RGB, RBS, RHS, 1RXS, XSS catalogs.
The most recurrent counterpart names in 4LAC originate from the following catalogs: 3C, 4C, PKS, O, B2, S2/S3/S5, TXS, MG1/MG2, PMN, GB6, SDSS, 1ES, RX, RBS, 1RXS, NVSS and 2MASS. PKS (Parkes Radio Catalog, Australia) is the designation preferred for southern celestial radio-sources over all other contemporaneous radio catalogs. Northern celestial radio sources and AGN/blazars were first reported in catalogs like the Ohio State University Radio Survey Catalog (O[+letter] ) and 3C, 4C (both from Cambridge, England), CTA, NRAO, DA, B2 (using the Northern Cross antenna in Medicina, next to Bologna, Italy), TXS, S1-5, MG1-4 catalogs. The most frequently used names of bright sources have been retained, even if they first appeared under other names, and if this selection is quite arbitrary. Consequently, OJ 287 is preferred over PKS 0851+202, as is PKS 0735+17 over OI 158 or DA 237, and NGC 1275 over Per A (even if in radio astronomy 3C 84 is commonly favored). In the opposite way, Cen A is favored over NGC 5128, and 3C 120 over BW Tau.
The names are sometimes related to the radio emission from the jet or lobe of a radio source instead of that the from radio core. An example to illustrate this caveat is 4FGL J1758.7-1621, a 4LAC source associated with the bcu blazar AT20G J175841-161703 (also known as NVSS J175841-161705). The 1.4 GHz and 20 GHz measurements indicate that this AT20G source has a steep spectrum, with a brighter radio source PMN J1758-1616 lying 10 arcsec away. Radio structure maps show that PMN J1758-1616 is a FR-2 radio galaxy, with AT20G J175841-161703 being a piece of the southern radio lobe. The low-frequency integrated flux density for PMN J1758-1616 is quite high (23.9 Jy at 160 MHz) and exceeds the threshold for the 3C, but is missing from that catalog because it lies only 4 • off the Galactic plane. 
